The present results demonstrate for the first time, that in AAA locally acting biomechanical loads (stress and strain) are compensated for by increased synthesis of collagen and proteoglycans with increased failure tension of the AAA wall. These findings confirm the presence of adaptive biological processes to maintain the mechanical stability of AAA wall.
INTRODUCTION
Interaction between biomechanical and biological factors in the pathogenesis of human abdominal aortic aneurysm (AAA) has often been postulated but not quantitatively demonstrated, and remains to be elucidated. It is hypothesized that out-of-balance vessel wall remodeling together with non-physiological mechanical conditions exerted by blood pressure, lead to progressive vessel expansion, aneurysm formation, and finally rupture.
1e4 Increased mechanical stress and strain in the vessel wall per se may induce biological alterations in ECM turnover and remodeling of the aortic wall. Thereby, not only degenerative but also compensatory changes in the vessel wall may be expected. For other cardiovascular disorders such processes have already been shown in vitro, 5 but at present not in the human blood vessel wall and in particular not in AAA.
Furthermore, material properties such as stiffness, strength, and failure tension of the load bearing vessel wall are determined predominantly by the quantity and functionality of various extracellular matrix (ECM) components such as collagen, elastin, and proteoglycans. 6e9 For AAA formation, an imbalance between degradation and synthesis of ECM components has already been described histopathologically. 8 However, for methodological reasons, neither the role of the acting mechanical conditions in ECM composition and remodeling, nor the impact of ECM composition on the material properties of AAA wall have been evaluated in vivo so far.
10e12 Still, not enough is known about the macroscopic mechanical behavior of the AAA wall in correlation with the composition of ECM within the vessel wall. 7 Moreover, at present it is speculated whether mechanical stress and strain are causative for adaptive or degenerative changes in the ECM composition of the AAA wall.
Meanwhile, the local mechanical loads acting on the AAA wall can be calculated realistically by finite element analysis (FEA), and the macroscopic mechanical properties of AAA wall can be measured experimentally.
13e17
In this study, the acting mechanical stresses and strains were calculated, specific morphological AAA parameters assessed, and the local mechanical properties of the AAA wall were measured by means of tensile testing and analyzed in comparison with the corresponding and underlying local ECM composition.
METHODS

Study population and tissue sampling
Fifty-four tissue samples were collected from 31 AAA patients undergoing open surgical repair. Detailed patient characteristics are summarized in Table 1 . Multislice computed tomography angiography (CTA) was performed in all patients. Using the commercial segmentation software Mimics (Materialise, Leuven, Belgium), CTA data were commuted for reconstruction of 3 dimensional (3D) AAA geometry including intraluminal thrombus for later finite element analyses. Moreover, 3D images were used to record the precise sample excision site and the orientation of the harvested AAA wall specimens during surgery, as described in detail in a previous study. 7 The tissue samples were then divided into two corresponding parts: one for biological analyses (approximately 15 Â 3 mm) and one for mechanical testing (20 Â 8 mm). The part for biological analysis was fixed with 4% formalin and embedded in paraffin. For mechanical analysis the specimens were stored in lactate Ringer's solution (130 mmol/L sodium chloride, 5 mmol/L potassium chloride, 2 mmol/L calcium chloride, 3 mmol/L sodium lactate) at 4 C until the tensile tests were performed within 24 hours of surgery. Informed written consent was obtained from all patients. The study was approved by the ethics committee of the university hospital Klinikum Rechts der Isar, Technische Universität München, Germany.
Mechanical testing
The harvested AAA wall samples were cut into n ¼ 54 individual rectangular specimens (typically about 20 mm Â 8 mm) and subjected to uniaxial tensile testing as described previously. 7, 14 Briefly, tissue samples were cleaned of all non-vessel wall components. Specimen thickness was averaged from five measuring points using a Mitutoyo "Quick-Mini Series 700" digital thickness gauge (Mitutoyo, Kawasaki, Japan). Elastic properties and failure loads were determined using a Bose Electro-Force 3100 tensile test machine (Bose Corporation, Eden Prairie, USA). First, the tissue samples were exposed to a cyclic sinusoidal test at frequency of 0.5 Hz with loading up to approximately 0.20 MPa (depending on specimen thickness). After applying 19 cycles of preconditioning, the data of the 20th cycle were used for evaluation. 7, 11, 14, 17 Following the cyclic experiment, specimens underwent destructive testing to measure the failure load. In both cases, the applied force and the clamp displacement were recorded. with the maximum measured force F max and the initial cross sectional area A 0 and width of each specimen. For a more detailed description of the experimental setup, the reader is referred to Reeps et al. 7 The parameters a [N/mm 2 ] and b [N/mm 2 ] of the constitutive law utilized in the finite element stress and strain analysis were determined from the cyclic experiments using a LevenbergeMarquardt curve fitting algorithm. 7 Finite element analysis FEA was performed as described previously in detail. 7, 14 Finite element models of the 3D AAA reconstructions were created and the corresponding patient specific nonlinear quasi-static structural finite element simulations were carried out using an in house research code BACI. 36 A hyperelastic constitutive law was used for the AAA wall based on strain energy functions proposed by Raghavan and Vorp 10 : was used. Additionally, local AAA diameter at sample site and normalized local diameter NORD [-] at the sample excision site were determined from 3D reconstruction of the AAA. For patients with an infrarenal abdominal aortic aneurysm (n ¼ 26), NORD was normalized by dividing the local diameter by the sub-renal aortic diameter. For juxtarenal aortic aneurysm (n ¼ 5), normalization was as follows: if the aneurysm reached the renal arteries, the aortic diameter between the celiac and superior mesenteric artery minus 2.5 mm was used instead. The correction term of 2.5 mm was the average difference in diameter for these two positions in the complete population of infrarenal AAAs.
Histology and immunohistochemistry
Histological and immunohistochemical analyses were performed on formalin fixed paraffin embedded slices of 2e 3 mm in thickness. For histology, sections were stained with hematoxylin/eosin (HE) and Elastic van Gieson (EvG) to determine aortic wall morphology, extent of ECM components, inflammation, and cellular composition. Sirius red was used to evaluate the amount of total collagen, and alcian blue was used to detect proteoglycans. For immunohistochemistry, primary antibodies against elastin (Abcam, Cambridge, UK; dilution 1:1,000), collagen I (Rockland, Gilbertsville, PA, USA; dilution 1:2,000), and collagen III (Rockland; dilution 1:300) were applied to evaluate the extent of the individual component of ECM. The sections were exposed to the first antibody for 1 hour at room temperature. An LSAB ChemMate Detection Kit (rabbit antimouse; Dako, Glostrup, Denmark) was used for visualization.
Quantification of collagen, elastin, and proteoglycans
Quantification of histological and immunohistochemical specimens was performed by computational image analyses. Digital images of IHC stained slides were obtained at 20Â magnification using a whole slide scanner (ScanScope CS, Aperio), and analyzed using Adobe Photoshop CS5. First, the whole vessel area was determined as a number of pixels against the background and set as 100%. Thereafter, the stained area for each staining (collagen I, III, total collagen, elastin, and proteoglycans) was labeled. In all cases the proper adjustment was re-evaluated visually to ensure that only the stained area was selected.The relative area of collagen, elastin, or proteoglycans was then calculated by dividing the number of pixels of the stained area by the number of pixels of the entire tissue area on the individual slide and displayed as a percentage of the ECM component in the analyzed section.
As the mechanical quantities from tensile testing involve the macroscopic wall thickness, the percental area of the stained components of ECM was multiplied by the thickness of the corresponding aortic tissue sample to obtain quantities that are mechanically meaningful to correlate.
Statistics
All results were analyzed using SPSS for Windows version 20.0 (SPSS Inc., Chicago, IL, USA). To compare values of continuous variables, the non-parametric ManneWhitney U test was used. The KruskaleWallis test was carried out for analysis of statistical differences between more than two groups. Correlations between continuous variables were quantified using Spearman's rank correlation coefficient (r). The statistical comparisons were performed two-sided, and differences between study groups were considered significant at p < .05.
RESULTS
ECM components versus mechanical stress and strain state in the AAA wall
For investigation of potential mechano-biological interactions, the total amount of the individual components of ECM was compared with local strain and stress state of the AAA vessel wall obtained from FE simulation at the sample excision site (Fig. 1) . Interestingly, the content of collagen I and III and total collagen correlated positively with the calculated von Mises stress (r ¼ .405, .323, and .296, p ¼ .002, .017, and .030, respectively) and likewise with von Mises strain (r ¼ .406, .338, and .315, p ¼ .002, .012, and .020, respectively).
ECM components versus mechanical properties of AAA wall
The macroscopic mechanical properties of AAA wall, assessed by cyclic sinusoidal and destructive tensile testing, revealed a positive correlation corresponding to ECM composition (Fig. 2) . Collagen I, total collagen, and proteoglycans were positively correlated with the failure tension of the AAA wall obtained by destructive testing (r ¼ .302, .301, and .329, p ¼ .037, .038, and .022, respectively). Further correlations were observed between collagen I, III as well as total collagen and a-stiffness of the AAA wall (r ¼ .361, .298, and .374, p ¼ .011, .038, and .008 respectively), while proteoglycans correlated only with bstiffness (r ¼ .313, p ¼ .028).
ECM components versus geometrical AAA parameters
Interestingly, the content of the different collagens within the AAA vessel wall (Fig. 3 ) was correlated negatively with intraluminal thrombus thickness (collagen I and III, and total collagen; r ¼ À.399, À.315, and À.331; p ¼ .003, .020, and .015, respectively). No correlations were observed between thrombus thickness and elastic fibers or proteoglycans. Additionally, local and normalized local AAA diameter correlated significantly negatively with the amount of elastin (r ¼ À.370 and À.409, p ¼ .006 and .002, respectively) (Fig. 4) . The other components of ECMs did not show any significant relationships with the diameter.
ECM composition in AAA wall
The total amount of the individual components of ECM within the aortic wall was expressed as a relative percentage as described above. The following results were observed: the average amount of collagen I was 44.75% (2.8e78.07) and collagen III was 62.18% (36.69e83.75). Total collagen was 57.46% (35.18e87.22), elastin was only 0.68% (0e14.99) and proteoglycans were 37.19% (1.7e 79.8) of the total area (Fig. 5) .
DISCUSSION
The development of AAA is a highly complex biological process with permanent remodeling of ECM, maintained by mechanical forces acting constantly on the aortic wall. Previous studies have already focused either on the mechanical or on the biological properties of abdominal aortic aneurysms, 14,19e22 but did not consider both aspects in one work. The only study showing tensile tests and histological features of the diseased aorta was the work of Pierce et al. 23 However, the authors did not quantify their histological findings and did not correlate mechanical and biological properties of the AAA wall. Therefore, in the present study, the interdependencies of vascular collagen and other ECM proteins were evaluated with the calculated mechanical loads in the AAA vessel wall for better understanding of the interactions between mechanical parameters and biological components of aneurysm wall, and consecutively of remodeling processes in AAA. The most relevant components of ECM as collagens, proteoglycans, and elastic fibers were analyzed by quantitative histology and immunohistochemistry, and their amounts compared with the mechanical properties and biomechanical conditions of the corresponding AAA tissue samples.
Notably, significant correlations were observed between collagen amounts (collagen I, III, and total collagen) and computational stress and strain, as well as AAA wall failure tension. These findings indicate the high relevance of mechanical loads for collagen synthesis in vivo as a consequence of compensatory tissue repair mechanisms in the AAA wall, until rupture occurs, when significantly increased wall stress finally exceeds the stability of the withstanding AAA wall. 7, 15 In agreement with previously published studies, 24e26 only few elastic fibers were detected, whereas collagens, namely type I and III, were the predominant structural components of AAA wall being about 30e40% each. 26, 27 These results underline the importance of collagen synthesis to countervail the mechanical stresses and maintain the integrity of the aortic wall, 28e30 but do not grant the physiological wall elasticity, which is given only by elastic fibers.
Moreover, proteoglycans were reduced in AAA tissue samples analyzed in this work. This is congruent with previous studies, where the reduction of proteoglycans and their components such as biglycan and decorin was observed in AAA wall compared with normal aorta. Furthermore, the degradation of proteoglycans is mediated by the activation of matrix metalloproteinases (MMPs), especially MMP-3 and MMP-7, as shown in a previous study. 35 It has been demonstrated in vitro that the amount Figure 3 . Correlation between thrombus thickness and collagen. Scatter plots of significant correlations between local thrombus thickness at sample site and collagen. Wall thickness scaling was performed as described in Fig. 1 . Figure 4 . Correlation between the local and NORD diameter of AAA and elastin. Scatter plots of significant correlations between local AAA diameter, NORD and elastic fibers. Wall thickness scaling was performed as described in Fig. 1 .
of proteoglycans differs with mechanical loads. 36 Thus, the observed reduction of proteoglycans was associated with a significantly decreased failure tension and wall stiffness in material testing. Consequently this reduction might be a sign of aortic wall destabilization, accelerated progression, and increased risk of rupture.
Regarding the analyzed geometrical parameters, the thickness of thrombus was correlated negatively with the collagen content (type I, III, and total collagen), suggesting that thrombus may partially withstand the direct impact of hemodynamic tractions on the aortic vessel wall, thus reducing the need for compensatory collagen synthesis. These results are in agreement with those of a previous study showing a relevant reduction of aortic wall stress by thrombus.
14 Furthermore, it has been discussed that ILT may contribute to wall hypoxia and that the decrease of collagen synthesis upregulates the activation of MMP. 37 Moreover, AAA local and normalized local diameter (NORD) correlated negatively with elastin, but not with collagens. This expected result indicates that elastin does not contribute to repair processes because of the almost non-existent level of synthesis of new elastin in the adult aorta. 38 As expected, the failure tension of AAA wall obtained from destructive tests was significantly increased with increasing collagen amount (collagen I and total collagen) and also with proteoglycans. Likewise, alpha (a)-and beta (b)-stiffness representing the elastic properties of AAA wall show similar correlations. a-Stiffness, describing the initial stiffness of the specimen in the low strain regime, correlated positively with the amount of collagen I, III, and total collagen, while b-stiffness, representing the stiffness in the high strain regime correlated only with proteoglycans. These findings reflect that proteoglycans and collagens are in close association with each other and proteoglycans stabilize the structure of collagen fibers. 33, 36 Consequently, these facts emphasize the important role of compensatory collagens and proteoglycans synthesis in maintaining the structural integrity and stability of the aortic wall during AAA progression, as a reaction to increased mechanical loads.
This study has several study limitations. It must be noted that there was considerable heterogeneity between the individual AAA tissue samples with respect to the amounts of collagen, proteoglycans, and elastic fibers. Furthermore, in the current study, only histological analysis and quantitative determination of area were performed, which does not necessarily rely on the real amount of protein as, for example, western blotting or ELISA. However, there was access only to formalin fixed specimens and it was impossible to extract intact proteins from such preserved tissues. Nevertheless, the future intent is to collect fresh AAA wall samples in a prospective study to perform quantitative protein analysis and to validate the current results. In addition, it was not possible to include an age and gender matched control group in this study because of the inability to obtain healthy aortic tissue samples.
In summary, the present results confirm the key role of major ECM components in AAA in macroscopically observable mechanical wall properties by comparing histological findings with mechanical tests. Collagens, especially type I, are important for vessel stability and corresponded accordingly with von Mises strain and stress of the aortic wall. Furthermore, thrombus seems to reduce the forces acting on the vessel wall and leads to decreased collagen synthesis. Thereby proteoglycans appear to act in the same manner as collagens and improve the vessel wall stability. Further studies are required, especially to investigate the potential role of proteoglycans in the mechanical properties of aortic wall. 
